This paper presents the findings of a study on the air gap below deck of a typical sixcolumn, double-pontoon semi-submersible in deep water. The writers present a method to predict the extreme air-gap by establishing the distribution of extreme air-gap response. In the case of linear incident wave, the proposed air-gap distribution suggested a better fits compared with that given by Rayleigh distribution. Moreover, the proposed approach is found to be an effective way to predict air-gap extremes within a specified duration. As a comparison, the fractile-based method cum Gumbel distribution is also applied to the same floating structure. Comparisons of the numerical results from these 2 different approaches show strong agreement in extreme air-gap response below deck.
INTRODUCTION
Air-gap response (i.e. deck clearance) is an important consideration in the design of both fixed and floating structures. During an extreme event, large waves trapped below deck may resonate, generating high frequency water level fluctuations as a result of wave diffraction and radiation. Accordingly, the deck-to-sea surface clearance may diminish rapidly or may be swamped, resulting in loss of air-gap, under deck slamming or negative loading.
Based on a Rayleigh distribution of maxima, the current engineering practice for short-term estimation of below deck air-gap and run-up is mainly intended for slender installations such as jackets with small diameters, legs and bracings which disturb the incident wave field only marginally. In the case of large volume floaters with large diameter columns and pontoons, the air-gap calculation is complicated as a result of significant diffraction of the incident waves in the lee of the columns and floaters. In addition, the instantaneous vertical motion of the floaters also needs to be included in the air-gap evaluation (Nielsen, 2003) . It is to be noted that the stated nonlinear wave diffraction and radiation will be more significant during extreme events. Apparently, the relative wave crests and the corresponding air-gap minima will not follow the traditional Rayleigh distribution any more.
On the other hand, existing air-gap prediction methodologies for floating structures are not universally applicable and rely heavily on empirical knowledge and model tests. Attempts to devise a method that is practical yet rigorous have been made, notably by (Sweetman, 2001) , who developed a fractile-based approach of developing a scaling factor between the statistics of the incident waves and those of the associated air-gap demand to predict the extreme air gap response of the semi-submersible.
As a first approach of our on-going research on the nonlinear air-gap analysis beneath semisubmersibles in regular and irregular waves, we examined first the performance of available model for air-gap analysis in linear waves. This paper presents a method to establish the distribution of extreme air-gap response as well as extreme air-gap prediction under a specified sea state and within a stipulated duration. While Rayleigh distribution is specially based on the narrow banded assumption, our proposed distribution which is without any assumption of incident wave process will be much powerful in the subsequent stage of our research which will focus on the nonlinear incident wave beyond Rayleigh's assumption. To test the proposed distribution, here we begin with the linear incident wave at first, and compare the results with that of Rayleigh distribution. In this study, the semi-submersible is a six-column, double-pontoon semi-submersible, and we model the air-gap response on the semisubmersible using the proposed distribution and Rayleigh distribution. The statistic measures are employed to examine the goodness of fit on each distribution respectively. On the other hand, as a way to benchmark the performance of the proposed method, the fractile-based method (Sweetman, 2001 ) is also adopted to estimate the air-gap peaks. Results from the proposed distribution and the fractile method are compared and discussed with regards to their reliability and practicality.
THEORY AND METHODOLOGY Air-gap Definition and Rayleigh Distribution of Wave Maxima
Air-gap Definition In view of the complicated wave-structure interaction of the floating structures, the air-gap response is not only sensitive to the components of the structure motion but also to the wave radiation, refraction and diffraction caused by the presence of the structure. Normally, at certain point of interest under deck (x, y), the instantaneous net wave elevation η(t) is defined with respect to a fixed origin, while the relative freesurface elevation relative to the moving structure is given by Manuel and Winterstein (2000) (1) where δ(t) denotes the net vertical displacement of the structure and is given in terms of the heave (ξ 3 (t)), roll(ξ 4 (t)) and pitch(ξ 5 (t)) motions as follows:
(2) Accordingly, the instantaneous air gap a(t) of a particular point can be expressed as the difference between the still air gap and the relative wave elevation:
where a 0 (t) denotes the initial/static air gap in the absence of waves, r(t) is the relative free-surface elevation. Deck impact occurs wherever the relative free-surface elevation exceeds the initial air gap, or when a(t) < 0.
The Rayleigh Distribution of Wave Crests
Referring to a narrow-banded sea, Longuet-Higgins (1952) derived the statistical distribution of wave crests, i.e. the Rayleigh distribution, which was initially proposed by Rayleigh to describe the distribution of the intensity of sound by superpositioning sound waves from an infinite number of sources. Its probability density function of the crest height R is expressed as (4) where R is the crest height, σ is the standard deviation of the wave elevation progress. The crest height is the "zero-crossing crest height", defined as the highest point on a wave trace between the time it crosses above mean water level and the time below mean water level, i.e. relative wave maxima in this study. Eq(3) indicates that under-deck air-gap minima will follow the same distribution as relative wave maxima.
Numerical Simulation of Wave Record and Corresponding Air-gap Response
Taking the incident random wave as a Gaussian process, the irregular surface elevation η i (t) for a target sea-state (power spectrum) can be simulated in terms of a discrete Fourier sum over positive frequencies ω k :
where M θ k , a k is the number, phase and amplitude of the wave component of frequency ω k , respectively, and a k is dependent on the spectrum (6) In this study, the spectral density function S(ω k ) of JONSWAP spectrum is defined as (7) where γ is the peak factor, ω max is the peak spectral frequency and σ = 0.07(ω≤ω max ) or 0.09(ω>ω max ) (Hasselmann et al., 1973) . The response characteristics of floating structures such as net structural motions due to incident wave is usually expressed in terms of the first-and second-order transfer functions, which can be readily simulated using wave diffraction analysis packages such as WAMIT (Lee, 1995) . Note that the incident wave is initially taken as a Gaussian process based on linear theory here. Thus, both the platform movement ξ i (t) and the surface elevation values η(t) can be readily obtained from the combination of the first-order transfer function and the incident wave (Kurniawan et al., 2009) , (8) (9) where |η -| k together with the phase ϕ k determines the first-order transfer function of instantaneous elevation, while |ξ -i | k and the phase φ k reveals the corresponding platform motions. Consequently, the extreme air-gap data between successive zero-up-crossings can be extracted once the relative surface elevation and the corresponding air-gap record are determined.
Extreme Air-gap Prediction in a Finite Duration from Distribution of Extreme Airgap Response
In order to predict the possible minimum air-gap in a specified duration, here we perform Pearson Type III distribution to derive the distribution of extreme air-gap response (air-gap minima). Let x be extreme air-gap response, its probability density function is expressed as (Pearson and Lee, 1903; Qiu, 1999) (10) where the three parameters α, β, τ are related to the expectation x -, variance coefficient C v and skewness coefficient C s of air-gap extremes 
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Accordingly, the Pearson Type III distribution of extreme air gap values can be calculated from the following expression: (12) Then, we can predict the extreme air gap demand at any location of interest within the time domain from the derived distribution in terms of the expected fractal. Specifically, the minimum air-gap associated with the largest local wave amplitude is assigned a fractile level of p = 1/N. For a given duration ∆t, the number of wave cycles N is estimated as the test duration divided by the mean upcrossing period T s , which can be approximated by (Chakrabarti, 1987) ( 13) where T p is the peak period and γ is the peak factor of given spectrum. Apparently, the number of cycles depends on the given sea state. Accordingly, the possible extreme air-gap can be solved by means of the proposed air-gap distribution.
Similarly, the occurrence of deck overtopping during a specified duration can also be calculated from the air-gap distribution. Corresponding to the case when the moment of extreme air gap distribution exceeds zero, the occurrence of deck overtopping associated with the probability of air-gap minima P 0 , is estimated as N s = N × P 0 .
The Fractile-based Method
Sweetman (2001) proposed a fractile-based approach to predict the extreme air gap response of a semisubmersible during a target sea state and duration by seeking the transformation between a specified design wave process and the response process,
where X and Y are the maxima between zero crossings derived from the input random wave and the output air-gap response history, respectively. Accordingly, X p and Y p are those peaks with the equivalent fractiles p. Here, the amplitude of the relative surface elevation Y p is computed from incident wave amplitude X p using the above fractile trend line once the coefficient a p and b p have been determined by (15) Note that m and σ are the means and the standard deviations, respectively of the peaks in the records (sample only) instead of the entire population of incident and resulting wave process.
The Gumbel distribution combined with Hermite transformation are employed to estimate incident wave amplitude with a fractile level p(i.e. X p ) in this method. Taken as a Gaussian process, the expected extreme crests of the incident wave are approximately estimated from the Gumbel distribution (Type I Extreme Distribution) (e.g. Madsen et al. 1986 , Cartwringt and Longuet-Higgins, 1956 and Davenport, 1964 
Here u p denotes an estimation of the expected maximum of a standard normal process u(t). In the case of non-Gaussian process, the incident wave amplitude X can be functionally related to the maximum of standard normal process u using Hermitian polynomial (Winterstein and Ness,1989 ) , (17) where (18) Actually, here m η i and σ η i are the means and the standard deviations, respectively of the entire random wave history η i (t), different from the definition in Eq. 14. The parameter α 3 and α 4 is the skewness and kurtosis of the incident wave process, respectively. Note that α 3 = 0 and α 4 = 3 leads to a Gaussian process. Consequently, with the assumption of linear incident wave history here, the Hermitian transform is simplified into the standard Gaussian process. Finally, the extreme air-gap can be derived from the combination of Eq. 14 and 16 using the maximum wave amplitude of expected fractile level.
Description of Semi-submersible Model
A typical model of a semi-submersible, a six-column, double pontoon floating platform (Kurniawan et al., 2009) , is used here for the air-gap analysis. The writers selected six critical locations along the sides of columns (based on the potential of deck overtopping) to investigate the air-gap extremes and wave run-up at the columns. Figure 1 shows the plan view of semi-submersible. The six locations chosen are also indicated in the figure. The still-water air-gap is 7.0m. The hydrodynamic radiation/diffraction program WAMIT was performed to yield the first-order transfer function of the platform motion and the free-surface elevations at the same locations for random waves from three headings (0, 135, and 180 degree) and with wave frequency ranging from 0.025 to 2.0 rad/s (Lee, 1995) . The effects of viscous damping were found significant on air gap of a floating platform (Kurniawan et al., 2009 ). Here we chose the viscous damping term approximately 10% of the critical damping 1 in the WAMIT simulation. The incident wave histories generated from a stationary random process model were applied over a fixed "sea-state" duration of 3 hours. Table 1 lists 
RESULTS AND COMPARISONS Time History of Local Wave Records
After specifying the target wave spectrum, the relative wave record can be generated in the manner described. At a selected location, sample time series of under-deck wave surface associated with corresponding air-gap response under heading sea are extracted as shown in Figure 2 to develop a better understanding of local wave elevation under the floating platform. All the contributory parameters involved in the air-gap simulation are demonstrated as well, i.e. incident waves, structure responses (heave, roll and pitch) and the local wave elevation.
Distribution of Air-gap Response
The proposed cumulative probability distribution of extreme air-gap response occurred at locations 1 and 6 of the model under heading sea are plotted in Figure 3 , with comparisons of the probability P exceeding air-gap threshold and traditional Rayleigh distribution as well. As shown in the figure, both the proposed distribution and the Rayleigh demonstrate an acceptable agreement with the probability of exceedance from numerically generated wave record. Sample time series at location 1 under head seas, Storm A, including the incident wave η i (t), heave motion ξ 3 (t), pitch motion ξ 5 (t), vertical displacement of structure δ(t), free surface elevation η(t) and relative surface elevation r(t)
Squares Error, R-Square and Root Mean Squared Error. Namely, the summed square of residuals usually labeled as SSE is the total deviation of the corresponding values from the distribution to the probability of exceedance in this study, while R-Square is square of the correlation between prediction and the probability of exceedance. Both SSE and R-sqaure can depict how successful the fit is in explaining the variation of the data. A satisfactory fit is always associated with the smaller SSE and larger S-Square. Moreover, the statistic of Root Mean Squared Error is also known as the fit standard error and the standard error of the regression, which is an estimate of the standard deviation of the random component in the data. Typically, RMSE closer to 0 indicates a fit that is more useful for prediction. Table 2 lists three statistical measures respectively to compare present distribution with Rayleigh distribution at all the 6 locations under heading sea. SSE and MSE of present distribution are observed much smaller value in general while the S-square appears much closer to 1. It is indicated that the proposed distribution provides a better estimate of the air-gap response than Rayleigh does. Figure 4 depicts the Pearson Type III distribution around 6 locations. Apparently, the probability of minimum air-gap can be described well using the distribution function. Even a slight decrease in airgap extremes will introduce an exponential decay in the probability. Moreover, it is inferred that the most severe location in head sea could be located at point 1.
Comparisons of Predicted Extreme Air-gap
To verify the accuracy of the present study on the extreme air-gap prediction, we benchmarked the findings of the present study against the fractile-based method based on the same air-gap process of the said semi-submersible model. Figure 5 shows the predicted fractile trend line of the "extremeresponse" of relative surface elevation at location 1 with the incident wave direction of heading sea( 0). Figure 6 -Figure 8 compared the predicted extreme air-gap response from present study with those using the fractal-based method, at the six locations under different wave conditions that lasted 5 hours.
As shown in the figures, the predicted extremes from the air-gap distribution agree very well with those from fractile-based method for all the three incident wave headings, including the more severe wave field, i.e. storm B. Generally, the predicted air-gap extremes in storm A are larger than those in storm B. As was expected, negative air-gap response is most likely to appear under large and rapidly changing wave conditions. Note that both methods indicate the same critical loading points in response to different wave heading, i.e. location 1 in head-sea, location 5 in beam and quarter-sea. 
CONCLUSIONS
Air-gap analysis is particular complicated below deck of an offshore floating structure because of the large volume of air void below deck and the resulting effects of wave diffraction and radiation. In this study, we present an alternative but more effective approach of predicting the extreme air-gap at critical location under specific wave environment directly from the distribution of resultant extreme air-gap response, different from the fractile-based method which depends on the relationship between a specified design wave process and the response process. A case study based on a typical six-column, double pontoon semi-submersible indicates that the proposed method shows good reliability on the extreme air-gap prediction. The present distribution of air-gap response is also compared with Rayleigh distribution. The statistical measures from two distributions suggest a better fitting using the proposed distribution. In view of the universal nature of the present method, the proposed distribution will be useful for the study of non-linear air-gap especially during extreme events leading to both intensively nonlinear wave diffraction and radiation.
